A disorder of central nervous white matter in Norwegian-bred silver foxes is described from the case histories of 2 1 clinically affected foxes. The main presenting sign of this disorder was caudal limb ataxia, which appeared between 2% and 4 months of age and progressed over the next 4-8 weeks. Only four affected foxes were allowed to live beyond this period, but they showed moderate to marked improvement.
a group of non-specific lesions in the central nervous system characterized by vacuolar disruption of the neuraxis without primary loss of neural elements. l 8 Intracellular, extracellular, and intramyelinic accumulation of fluid, as well as artifactitous dissolution of myelin, may account for spongiform change^.^ Inborn spongy degenerations are classically described as leukody~trophies.~.~ Canavan's disease (van Bogaert-Bertrand disease, infantile spongy leukodystrophy) was first described in children in 1931,' and congenital, infantile, and juvenile forms were subsequently identified. The congenital and infantile forms have an autosomal recessive mode of transmission; however, no familial association has been found with the juvenile form. The infantile form of Canavan's disease is most common, and its clinical signs of increased head circumference, blindness, and hypotonia appear around 3-4 months of age. Light microscopic examination has demonstrated a spongy change affecting both gray matter and subcortical white matter. I Ultrastructural studies have shown that the vacuoles in the gray matter were due to swollen protoplasmic astrocytes, while white matter lesions were due to intramyelin vacuoles.2 Abnormal astrocytic mitochondria have been observed. Histochemical electron microscopy has suggested that reduced activity of astrocytic mitochondria1 adenosine triphosphatase may be the underlying biochemical lesion.* This finding has, however, been dis-p~t e d .~
In a recent study, a child with Canavan's disease, diagnosed by cerebral biopsy, was found to excrete an abnormal amount of N-acetylaspartic acid in the urine. I In two cases of the rare juvenile form of human Canavan's disease, onset of ataxic gait, tremor, and mental deterioration was reported at 5 years of age. The patients died at 17 and 20 years of age with an extensive spongy degeneration of the convolutional and deep white matter. The sponginess extended into the deep cortical layers, but the rest of the cortex was little affected.
Spongy degeneration of the central nervous system has been found in animals. Clinical signs associated with this disorder have included dullness, recumbency and opisthotonos in neonatal Hereford c a l v e~,~J~J~ and poor weight gain, posterior ataxia and hypermetria in a 7-week-old Egyptian Mau kitten.20 A Silkie Terrier puppy had uncontrolled muscular contractures appar-ent at birth,23 and a Samoyed puppy had hind limb tremor at 12 days of age, which progressed over 5 days to a generalized tremor.21 Two littermate Labrador Retrievers showed extensor rigidity, tremor, ataxia, and opisthotonos from 4-6 months of age. 22, 24 The lesion in the kitten and the calves was a severe status spongiosus affecting both grey and white matter.I3J0 In the Hereford calves, the vacuoles were usually lined by myelin sheaths in the white matter and appeared to be located in areas of large terminal axons in the gray matter. I 3 Lesions in the canine cases were confined to the white matter.21J3, 24 The lesions in the Labrador Retrievers were symmetrically distributed and characterized by intramyelinic vacuoles, myelin loss, hypertrophied fibrous astrocytes, and prominent blood vessels. The fibrous astrocytes were reported to contain abnormal mitochondria. The disease in Labrador Retrievers was reported to resemble the juvenile form of Canavan's disease in children. 24 Biochemical studies of some bovine cases showed elevated levels of branched chain amino acids in serum, urine, cerebrospinal fluid, and formalin-fixed cerebral tissue. It has been suggested that this condition is analogous to maple syrup urine disease in children,I3 and it is probably inherited by an autosomal recessive gene. 8 No biochemical abnormality or genetic pattern has been reported in the canine or feline cases.
The present paper describes a spongy degeneration of white matter in the central nervous system of Norwegian-bred silver foxes ( Vulpes vulpes) with special reference to the pathomorphologic lesions.
Materials and Methods
The 2 1 case histories were based on reports from fur breeders and our own observations of diseased animals. Fourteen of the 21 foxes originated from two different farms in the central part of Norway. Seven affected foxes were born at the Research Farm for Furbearing Animals, Heggedal from parents that had been moved to the Research Farm 1 or 2 years previously. Two of the three mothers of affected offspring born at the Research Farm had already produced affected offspring (one litter each) in central Norway before being transferred to the Research Farm. No medication was given to diseased animals.
Necropsy was performed on 16 affected foxes of both sexes. Nine of these were males, six females, and the sex of the remaining animal was not registered. The age at necropsy ranged from 3% to 6% months. Material for light microscopic examination was obtained at necropsy and included brain, spinal cord, visceral organs, optic nerves and peripheral nerves from 16, 15, 12, 7 and 3 cases, respectively.
The light microscopy studies were based on material fixed in 10% neutral buffered formalin in 14 cases and Karnovskyfixed material in two (Case Nos. 3 and 4). The latter were perfused by the left ventricle with 1,500 ml (ca. 100 ml/min) Karnovsky's fixative (0.9% glutaraldehyde, 0.7% paraformaldehyde and 0.14 M sodium cacodylate, pH 7.2) at a pressure of approximately 120 mm Hg. Paraffin-embedded tissue was sectioned and stained with hematoxylin and eosin. Selected sections of central nervous tissue were stained with periodic acid-Schiff, luxol fast blue for myelin and Bodian's silver stain for axons, or combinations of these. Astrocytes were demonstrated in paraffin-embedded material by the avidin-biotin complex method,16 using a Vectastain ABC kit@ (Vector Laboratories, Burlingame, CA). A rabbit antibody against bovine glial fibrillary acidic protein, diluted 1 : 400, was used as primary antibody (Dakopatts N S , Glostrup, Denmark). Sections were counterstained with hematoxylin or luxol fast blue.
Karnovsky-fixed specimens for electron microscopy were post-fixed in osmium tetroxide. Semi-thin sections were stained with toluidine blue, and ultra-thin sections were stained with lead citrate and uranyl acetate, embedded in Epon, and examined in a Jeol 100s electron microscope.
Results

Case histories
The first clinical signs were observed at the age of 2% to 4 months in all affected animals and varied considerably in severity. Initially, within 4 weeks, posterior limb weakness and tremor progressed to marked hind limb ataxia and eventually paresis. Typically, a diseased animal would stand trembling with its hind legs spread apart. Progression of clinical signs ceased after 4-8 weeks in four silver foxes that were allowed to live beyond the period of maximal disability. Their clinical conditions were slightly to markedly improved by 18 months of age.
The difficulty associated with handling silver foxes limited clinical examinations; however, impairment of vision and hearing was not detected, and diseased animals remained bright and alert. No urinary or fecal incontinence was observed.
Gross lesions
No consistent gross lesions were present. Calvarial shape, brain weight, and relative ventricular volume were normal.
Microscopic lesions
Spongy vacuolation affected white matter of the cerebrum, cerebellum, brain stem, and spinal cord, while gray matter appeared normal. Although the degree and severity differed from case to case, the lesions were always bilaterally symmetrical. Areas with most frequent and advanced white matter lesions included central cerebral white matter, the internal capsule, folial and deep white matter of the cerebellum, and the spinal cord. There appeared to be a relative preservation of subcortical white fibers in the brain (Fig. 1) . In mildly affected cases, brain lesions were constant in the subependymal white matter adjacent to the lateral ventricles. In the spinal cord, the most prominent changes were found in a circumferential pattern in the submeningeal white matter (Fig. 2) . In mildly affected cases, the dorsal and ventral funiculi were constantly affected, while only minor changes were seen in lateral tracts. Dorsal and ventral roots were occasionally affected; however, when present, the lesions were confined to a narrow zone adjacent to the spinal cord, corresponding to the area displaying astrocytic processes in dial fibrillary acidic protein-preparations. No significant lesions were observed in optic or peripheral nerves of the cases examined.
Within the affected areas, there was marked vacuolation and myelin deficiency ( Figs. 1-3) . Vacuoles were round or ovoid cavities of varying sizes (Figs. 3,4) . In some areas, larger cavities were formed, apparently by coalescence of vacuoles. The majority of vacuoles appeared empty, but scattered axons could be demonstrated within some vacuoles (Figs. 5, 6 ). Most axons looked normal except for occasional swellings, but appeared to be decreased in number in some severely affected areas. There was no significant vascular reaction or inflammation. Phagocytes containing myelin breakdown products or lipid droplets were numerous in a few areas of extensive vacuolation, but were seen only occasionally elsewhere. There were, however, prominent astrocytic processes with increased immunoreactivity, especially in severely affected areas (Fig.  4) . 
Ultrastructural lesions
Ultrastructurally, most vacuoles were limited by myelin lamellae (Fig. 7) . The intramyelinic vacuoles were due to splitting of myelin lamellae at intraperiod lines. A large proportion of the vacuoles appeared in the periaxonal region as excavations or blebs along the axon. In some areas, astrocytes, including both the perikaryon and their processes, had a remarkably watery appearance. In severely vacuolated areas, numerous hypertrophic astrocytes with abundant intermediary filaments and irregularly-shaped nuclei were seen ( Fig. 8 ). Filament accumulation was most apparent in the processes, but was also seen in the perikaryon. Extracellular spaces were expanded, and axons, myelin sheaths, and cell processes often had indentations indicating intercellular edema.
Discussion
The present neurologic disorder in young silver foxes was characterized by a spongy vacuolation of brain and spinal cord white matter that was largely due to intramyelin vacuolation.
The disorder in silver foxes has morphologic features and aspects of the age of onset in common with both the juvenile form of Canavan's disease in children and the spongy degeneration of the central nervous system reported in Labrador retriever^.'^,^^ The course of the present disorder, however, differed markedly from case to case. In the juvenile form of Canavan's disease, a progressive course is seen with patients normally surviving up to late adolescence.' The disease in two Labrador Retrievers was also described as a progressive although the dogs were killed for necropsy at 9 and 11 months of age. In contrast to spongy degenerations in most other species, the clinical signs of the disease in silver foxes have not proven to be uniformly progressive, as four foxes that showed marked clinical signs at 4 months of age were clinically improved by 1% years of age. A clinically affected littermate of the Egyptian Mau kitten with spongy degeneration of the central nervous system did show considerable improvement beyond 4 months of age.2o Pathoanatomical examinations of older diseased silver foxes are pending. Thirteen of the 16 silver foxes that were necropsied originated from one recently established farm. Breeding animals had been bought from a few farms in the same geographic area but detailed information on genetic relations was not available. Preliminary findings in ongoing breeding studies seem to indicate transmission by an autosomal recessive gene. Further breed-ing experiments are necessary to establish a genetic basis for spongy degeneration of white matter in silver foxes. The possible involvement of an infectious agent, particularly one transmitted vertically, or a toxic agent cannot be totally excluded at this stage. Myelinotoxic compounds such as triethyl tin and hexachlorophene, may cause spongy degeneration of the central nervous systeml*J* and should be considered as possible etiological factors, along with environmental toxins and management-induced procedures, such as feed additives. The fact that seven diseased offspring were born to foxes that had been removed previously to a second and distant property, where complete pregnancies occurred, tends to argue against a toxic or managementinduced etiology. Two of the same female foxes had produced affected offspring before they were transferred from central Norway to the Research Farm. This finding, together with the finding of clinically affected offspring in subsequent litters from the same parents (unpublished observation), suggests a genetic rather than a toxic etiology. An effect of feed components appears unlikely as the Research Farm has other fur animals, including other silver foxes, blue foxes, and mink that received feed from the same sources as the present cases without showing signs of neurologic disease.
The light microscopic lesions in spongy degenerations of the central nervous system reported in the literature vary somewhat, particularly as to the involvement of the gray matter in the spongy change. In the present cases, changes were found only in the white matter, and thus resemble both the juvenile form of Canavan's disease in children in which white matter involvement predominates, and spongy degenerations in several dog breeds. 17,21,23, 24 The Labrador Retrievers possessed intramyelinic vacuoles and hypertrophied fibrous astrocytes that had abundant filaments, edematous cytosol, and dilated cytocavitary A defect in the astrocytic electrolyte balance has been suggested as a possible explanation. The areas of vacuolation may reflect a biochemical lesion that mainly affects fibrous astrocytes, while cortical (protoplasmic) astrocytes remain n0rma1.~~ In the human disease and in the disease in Labrador Retrievers, elongated mitochondria with peculiarly arranged matrix and cristae were seen within astroc y t e~.~,~,~~ Similar mitochondria have not been recognized so far in astrocytes of the affected foxes. The watery and the hypertropic astrocytes observed in our foxes may represent stages of a nonspecific, secondary astrocytic reaction.
The pathogenetic mechanism of the present disease is unknown. Status spongiosus characterized by the formation of intramyelin vacuoles due to splitting of the myelin lamellae at the intraperiod line, as was ob-served in the cases reported in this paper, is considered to indicate myelin oedema. The mechanism of myelin splitting is unre~olved.~~ In human Canavan's disease, it has been proposed that an astrocytic abnormality initiates excessive fluid accumulation with secondary myelin damage, leading to separation of myelin lamellae and demyelination.',2 In bovine maple syrup urine disease, the failure in the integrity of the myelin sheath has been attributed to a direct toxic effect on the myelin sheath or one mediated via the oligoden-dro~yte.'~ Inhibition or reduced activity of specific enzymes needed at a certain stage of development could explain the non-progressive course of the present disease. Further studies at different stages of the disease process may give additional insights into the pathogenesis of spongy degeneration in silver foxes and thus be of comparative interest to corresponding diseases in other species.
